Oxidation state changes of metallic ions are involved in the generation and biological defense against reactive oxygen species. The relationship between allergy and oxidative damage by metallic elements was studied by X-ray fluorescence analysis using a mast cell line. The distribution of metallic elements is changed by the induction of reactive oxygen species. In mast cells, the degranulation leading to antigen or calcium ionophore stimulation is related to excessive accumulation of iron and to its chemical state. Xray absorption near-edge structure spectroscopy showed that the oxidation state of iron in the cells shifted from Fe(II) to Fe(III) in degranulation. This finding might have implications for understanding the mechanisms involved in IgE-mediated cell responses as seen in allergic reaction.
INTRODUCTION
Various types of immune cell derive from undifferentiated stem cells. These differentiate into various cell lineages under the influence of microenvironmental factors (1) . Some of these factors involve trace elements, which are at the active center of many enzymatic systems. A positive correlation between the severity of symptoms among asthmatic patients and the level of metallic particles in the air was found in an epidemiological study. Some metals, including transition metal ions and their compounds, have been found to cause adverse effects on human health. Also, it has been determined that several metal ions activated mast cells and enhanced allergen-mediated activation (2) .
Mast cells are important effectors in immunogloblin E (IgE)-mediated allergic reactions and in inflammatory processes because of their ability to secrete numerous cytokines (3, 4) . Activated mast cells can produce several pro-inflammatory cytokines (5) (6) (7) . Many researchers have so far paid attention to the kinetics of intracellular calcium. It was thought that trace elements work in conjunction with other intracellular elements. Thus, we sought to determine the effect of metals and transition metal ions on the activation and enhancement of mast cells.
The present work is a pilot study of the intracellular distribution of trace elements in immune cells. We believe that our results will bring new light on allergy research.
EXPERIMENT

Reagents
The anti-hapten 4-hydroxy-3 iodo-5-nitrophenylacetic acid (NIP)-IgE, NIP-BSA (bovine serum albumin), and the calcium ionophore ionomycin were purchased from Sigma Chemical Co. (St Louis, MO). Stem-Pro-34 serum-free medium (SFM) complete medium, its nutrient supplement, and L-glutamine were purchased from Invitrogen Corp. (Gibco).
Materials
The human mast cell line LAD2 was selected for this study. This cell line has the same characteristics as human mast cells (8) . The cells were treated with some reagents to induce aggregation of the high-affinity IgE receptor (FcεRI) and to induce degranulation by release of chemical mediators, causing acute allergic inflammation. Cells were sensitized with 1 µg/mL human anti-NIP IgE for 30 min. Then, it was stimulated for 30 min by 1 ng/mL NIP-BSA to crosslink IgE and induce degranulation. Ionomycin was dissolved in dimethyl sulfoxide (DMSO) and added as a chemical stimulant to a final concentration of 500 ng/mL. After these treatments, the cells were counted and then washed twice with phosphatebuffered saline (PBS). After washing, the cells were suspended in 200 µL PBS and prepared on Mylar film (25 µm) using Cytospin, fixing with 100% ethanol and drying at room temperature.
Experimental Setup
The X-ray fluorescence (XRF) analysis was accomplished by 8-GeV synchrotron radiation (SR) from the storage ring at a maximum current of 100 mA passing through a film monochromator. The beamline BL37XU was used, XRF imaging experiments was performed under vacuum, and spectra analysis was performed in the air. The incident X-ray energy was 14.3 keV, focused using a Kirkpatrick-Baez optical setup. The incident beam size was about 4 × 5 µm 2 . The incident and transmitted photon fluxes was monitored with an ion chamber, and the fluorescent X-rays were collected by a solidstate detector (SSD) following procedures previously reported (9) (10) (11) .
XRF Imaging and Spectra
The XRF imaging technique was used to investigate the intracellular distribution of iron and other elements. X-Y step pulse motors moved the sample stage. The measurement areas were divided into matrices of 40 × 40 pixels. A single-channel analyzer was used to measure the fluorescence from iron at each pixel, with measurement times of 3 s per pixel. For quantitative analysis, the point spectra were measured with a multichannel analyzer at certain points in the samples. The measurement time was 200 s for each spectrum.
Chemical State Analyses Procedures
X-ray absorption near-edge structure (XANES) spectroscopy is sensitive to the valence state and chemical environment of the absorbing elements. If the incident energy near the absorption edge is properly chosen, selective excitation of specific chemical species will occur. The XANES spectra of Fe II SO 4 and Fe 2 III (SO 4 ) 3 were used as reference materials and are shown in the Results section. At energies near the absorption edge, such as 7.120 keV, Fe(II) is selectively excited while the excitation of Fe(III) is suppressed. Because fluorescent X-rays are emitted along with the excitation of the absorbing elements, XRF imaging that distinguishes the chemical state can be obtained because of the sensitivity of the X-ray absorption coefficient to the oxidation state of the element.
RESULTS
The XRF analyses were performed on the LAD2, treated with several reagents. The distribution of trace elements was analyzed in the samples by scanning them in vacuum using the SR microbeam. The scanning areas were 40 × 40 µm 2 , and the resulting mapping data are shown in Fig 1. Six elements were mapped: potassium calcium phosphorus, Fe, Zn, and Cu. In this technique, the elemental counts are directly proportional to their quantities in the sample. In the cells used as controls, P, Ca, and Zn accumulated in the intracellular region. The same tendency in the distribution of Fe and Cu was observed (Fig. 1A) . After IgE-mediated degranulation, Zn was moved to the extracellular region (Fig. 1B) .
In Fig. 2 , the synchrotron radiation X-ray fluorescence (SRXRF) spectra is shown for each element. The counts show the dynamic change of several intracellular elements. After ionomycin stimulation, all of the elements are decreased in the cells. Although the phenomenon is the same for the six elements, it appears that there are different pathways involved in degranulation. Figure 3 gives the micro-XANES spectra for the intracellular region of the samples and the Fe(II) and Fe(III) sulfates used as reference materials. The ordinate and abscissa represent the absorption coefficient and incident X-ray energy, respectively. The spectra were normalized by the absorption jump, which was defined as the difference between the highest and the lowest points in each spectrum. The spectra of three samples are identical to that of the reference materials: controls (Fig. 3A) , IgE-mediated degranulation (Fig. 3B) , and ionomycin stimulation (Fig. 3C) 
Chemical State of Iron
DISCUSSION
Intracellular trace element levels are increased by antigen stimulation. Ionomycin was used as a physical stimulant, leading to an increase in Ca and Na and a decrease of the other elements. The chemical state of Fe is also different as a result of antigen or chemical stimulation. Ionomycin seems to induce degranulation in mechanisms that are different than for antigen stimulation. The latter induces degranulation via crosslinking of IgE, whereas ionomycin physically stimulates the cell surface. The Haber-Weiss reaction is the main pathway when antigens crosslink the IgE on mast cells, resulting in Fe(III) accumulation in the intracellular region. Under physical stimulation by chemicals, both the Haber-Weiss and the Fenton reaction are at work; thus, the chemical state does not seem to shift. We previously reported the distribution of Fe and other trace elements in the HL60, which is human leukemia cell line (12) . Iron distribution seemed to correlate with superoxide anion formation. In the oxidation mechanism, Fe acts as the electron source, and several trace elements play an indispensable role as antioxidants. In immune cells, trace elements trap electrons by various mechanisms. In the present study, the valence state of Fe was determined in order to discover what role it plays in the oxidation process. In inflammation processes, Fe accumulation contributes to the generation of oxygen reactive species through the Fenton reaction. The XANES spectrum of Fe contained in mast cells shifted toward Fe(III), indicating that the Fe involved in the inflammation process might be in its higher oxidation state.
The IgE-dependent activation of mast cells is characterized by an influx of extracellular Ca, essential for the subsequent release of preformed (granule-derived) mediators and newly generated autacoids and cytokines. In addition, flow of ions such as K + and Cl -is likely to play an important role in mast cell activation, proliferation, and chemotaxis through their effect on membrane potential and, thus, on Ca 2+ influx. It is, therefore, important to identify these critical molecular effectors of mast cell function. The excessive accumulation of Fe and its oxidation state in LAD2 cells are related to the degranulation leading to NIP-BSA or ionomycin stimulation. XANES spectroscopy showed that the oxidation state of Fe in the cells changed from Fe(II) to Fe(III) as a result of degranulation. This finding might have implications for understanding the mechanisms involved in IgE-mediated cell responses such as those seen in allergic reactions. In addition, Fe chelation treatment by desferrioxiamine significantly suppresses IgE production and intracellular enzyme activity (13, 14) . IgEdependent activation had little effect on ion channel expression (15) . Trace elements work in inflammation as antioxidants and activators of several enzymes. In addition, their intracellular and extracellular balances seems to be relevant to this process.
In the present study, a new model for metal ion homoeostasis in mast cells is proposed. The natural resistance-associated macrophage protein 2,
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Nakashima, Takeuchi, and Shirakawa Nramp2 (also called DMT1 and Slc11a2), localized in early endosomal membranes, brings extracellular bivalent cations into the cytosol. The related Nramp1, localized in late endosomal/lysosomal membranes, is in charge of delivering bivalent cations from the cytosol into an acidic compartment, where they can directly affect antimicrobial activity. Thus, we think that oxidative stress and trace elements kinetics are potential factors related to the pathogenesis of asthma and other allergies. The use of a Synchrotron allows screening of trace elements. By using this technique, the distribution of several trace elements can be simultaneously measured and correlated. For confirmation of the present results, another highly sensitive measuring technique is being sought to do imaging and quantification of Zn by fluorescent reagents.
